Abstract Phthalate isomers and their esters are used heavily in various industries. Excess use and leaching from the product pose them as major pollutants. These chemicals are toxic, teratogenic, mutagenic and carcinogenic in nature. Various aspects like toxicity, diversity in the aerobic bacterial degradation, enzymes and genetic organization of the metabolic pathways from various bacterial strains are reviewed here. Degradation of these esters proceeds by the action of esterases to form phthalate isomers, which are converted to dihydroxylated intermediates by specifi c and inducible phthalate isomer dioxygenases. Metabolic pathways of phthalate isomers converge at 3,4-dihydroxybenzoic acid, which undergoes either ortho-or meta-ring cleavage and subsequently metabolized to the central carbon pathway intermediates. The genes involved in the degradation are arranged in operons present either on plasmid or chromosome or both, and induced by specifi c phthalate isomer. Understanding metabolic pathways, diversity and their genetic regulation may help in constructing bacterial strains through genetic engineering approach for effective bioremediation and environmental clean up.
Introduction
Since last seven to eight decades phthalate, terephthalate, isophthalate and their esters are used as plasticizers [57] ( Fig. 1) . They have low water solubility but high octanol/ water partition coeffi cients (K ow ) and the hydrophobicity increases with increase in alkyl chain length [2, 10, 57] . Because of their unique properties like chemical stability, fl exibility, softening, ease of fabrication and low cost, phthalate esters are used with different chemical formulations. Phthalates and their esters are the major constituents of paints, house building materials, PVC pipes, food packing, toys, plastics, adhesives, photography fi lms, textile fabrics, medical devices, pesticide carriers, defoaming agents in the manufacture of paper, lubricating oils, solubilizers of cosmetic products, and in aerospace technology [34, 38, 41, 44, 55, 65, 97, 98, 104, 106] .
With an annual production of 14.4 million ton, dimethyl terephthalate and terephthalate are among the top 50 most produced chemicals worldwide [58] . These plasticizing agents are not linked by covalent interactions to the parent chemical, imparting fl exibility to the product and are leached out easily by organic and polar solvents [2, 38, 40, 45, 97] . Besides synthetic origin, few of these compounds are metabolic intermediates in the degradation of polyaromatic hydrocarbons, for example, in several bacterial species o-phthalate was shown to be an intermediate in phenanthrene, pyrene, fl uorine and fl uoranthrene catabolism [37, 42, 48, 56, 68, 79] . Bioaccumulation of these compounds in nature led to adaptation and evolution of new metabolic pathways for the degradation of these compounds. Therefore characterization and understanding the metabolic processes in these microbes can be exploited for the effi cient and economic removal of these compounds from nature through bioremediation.
Phthalate toxicity
The major source of human exposure to phthalate isomers and their esters is by medical, occupational and dietary products [57] . Humans exposed to phthalate isomers showed teratogenic, estrogenic and reproductive problems [22, 24, 34, 44, 54, 86] . Small chain alkyl esters of phthalates are shown to be more toxic because of their high solubility compared to longer chain homologs. Exposure during the development results in irreversible damage [17] . These compounds suppress calcium signaling and elicit cellular oestrogenic responses [69, 61, 69, 60] . In mice these compounds induced malformations of the reproductive tract [36, 59] causing hypospadias and cryptorchidism [31, 77] . They are detected in body fl uids [46, 110] and are known to induce bladder stone formation, irritation of skin, eyes, respiratory tract and blurred vision [20, 21, 103] . In humans, phthalate esters are biotransformed, conjugated to glucuronides and either excreted or stored in body [46, 57] .
Among all the phthalate isomers, isophthalate is reported to be a competitive inhibitor of glutamate dehydrogenase (GDH) of yeast, Aspergillus, bovine and pea plant [7, 19, 85] . GDH is an anapleurotic enzyme that catalyses the conversion of α-ketoglutarate to glutamate and vice versa [43] . The inter-proton distance between the two carboxylate groups of isophthalic acid is same as that of α-ketoglutarate and iminoglutarate (reaction intermediate), thus making it an ideal competitive inhibitor of the enzyme [7] . Phthalate esters also inhibit 15-lipoxygense [63] 
Bacterial metabolism of phthalate isomers and their esters
Phthalate isomers and their esters are present in the environment. Due to persistence in the nature, microbes have evolved and adapted new pathways to degrade these compounds. Bacterial degradation is effi cient as these compounds are either biotransformed or mineralized completely. The degradation of phthalate isomers can be both by aerobic and anaerobic routes. Many bacterial strains have been reported to degrade phthalate esters as the sole carbon source (Table 1) , while some strains like Rhodococcus rhodochrous and Closterium lunula need external addition of hexadecane or inorganic carbon for effi cient degradation [70, 107] .
Anaerobic degradation
The anaerobic phthalate degradation is mainly carried out by methanogenic consortia (Table 1) . Bacteria degrade all three phthalate isomers and their esters producing acetate and methane as the end products [8, 28, 52, 53, 82] . The anaerobic route for degradation is shown in Fig. 2 . The fi rst and the foremost step in the degradation of phthalate isomers is the production of esters of CoA by an inducible acyl CoA synthetase [74] . Decarboxylation of these esterifi ed phthalates by decarboxylase results in the formation of benzoyl CoA [51, 74, 82] . In few cases phthalates are fi rst decarboxylated in the presence of specifi c decarboxylases followed by esterifi cation with CoA [53] . Reduction of benzoyl CoA produces cyclohex-1-ene-carboxylate ester of CoA. This product undergoes ring cleavage and form pimelyl CoA via 2-oxocyclohexanecarboxylate and enters β-oxidation pathway [74] (Fig. 2 ). External addition of acetate, pyruvate or lactate repressed the utilization of phthalates [8, 9] . Shorter chain compounds are metabolized at higher rates as compared to their longer chain counterparts [47] . The rates of anaerobic degradation are low as compared to aerobic degradation [8, 9, 53] .
Aerobic metabolism
Aerobic degradation of phthalate isomers by bacteria was fi rst reported by Evans in 1955 [29] . Presence of phthalates in the medium induces proteins that are involved in its transport and degradation [16, 27, 40, 87, 104] . Longer chain phthalate esters are diffi cult to degrade [102] . Using various metabolic studies like growth profi les, enzyme induction, whole-cell oxygen uptake and plate assay studies, the complete metabolic pathway for phthalate isomers and their esters is deciphered [73, 84, 99, 104, 107] (Fig. 3) . In this article we review the aerobic degradation of phthalate isomers and their esters in detail. Phthalate esters are fi rst hydrolyzed to their respective phthalate isomers by esterases. In Gordonia sp. strain MTCC 4818, esterase was shown to be inducible and had broad substrate specifi city [14] . Some microbes can directly hydrolyze diesterifi ed phthalate and terephthalate to respective phthalate isomers by trans-esterifi cation [6, 58] . Sphingomonas sp. DEP-AD1 could grow by hydrolyzing diethyl phthalate, dibutyl phthalate and diethyl hexylphthalate; but could not metabolize aromatic ring of phthalate and benzoate suggesting that the organism utilizes aliphatic metabolites generated after de-esterifi cation [30] .
Phthalate isomers are transported inside the cell by specifi c permeases, which in turn induces specifi c phthalate isomer dioxygenases viz, phthalate-, isophthalate-, or terephthalate-dioxygenase. These enzymes catalyze the initial step of incorporation of two hydroxyl groups on the phthalate rings to yield respective phthalate dihydrodiols (Fig. 3) . Based on the position of ring-hydroxylation, o-phthalate dioxygenase is either phthalate 4,5-dioxygenase, found mostly in Gram negative bacteria [26, 49] ; or phthalate 3,4-dioxygenase, present mostly in Gram positive bacteria [35] . However, there are some exceptions where phthalate 3,4-dioxygenase is present in Gram negative organism like Pseudomonas aeruginosa sp. strain PP4 [99] . Action of phthalate 4,5-dioxygenase produces cis-4,5-dihydroxy-4,5-dihydrophthalate, which is dehydrogenated by cis-phthalate dihydrodiol dehydrogenase to 4,5-dihydroxyphthalate. By the action of 4,5-dihydroxyphthalate decarboxylase, this dihydroxylated phthalate undergoes decarboxylation to yield 3,4-dihydroxybenzoate [4, 11, 80] . Action of phthalate 3,4-dioxygenase produces cis-3,4-dihydroxy-3,4-dihydrophthalate, which is converted to 3,4-dihydroxyphthalate and subsequently decarboxylated to yield 3,4-dihydroxybenzoate by 3,4-dihydroxyphthalate decarboxylase [27] (Fig. 3) .
Metabolism of terephthalate is initiated by double hydroxylation of the ring at positions 1 and 2, catalyzed by terephthalate 1,2-dioxygenase to yield 2-hydro-1,2-dihydroxy terephthalic acid, which is further metabolized to 3,4-dihydroxybenzoate [16, 88, 99, 104] (Fig. 3) .
Compared to phthalate and terephthalate, isophthalate was found to be resistant to the microbial degradation as evident from the fact that very few microbial species have been reported to utilize isophthalate as the sole source of carbon and energy [49, 50, 99, 104] . Metabolic analysis suggest that isophthalate is double hydroxylated at position 3 and 4 by isophthalate 3,4-dioxygenase to yield 4-hydro- 3,4-dihydroxyisophthalate, which is further decarboxylated to 3,4-dihydroxybenzoate [99, 104] (Fig. 3) .
All phthalate isomer metabolic pathways has 3,4-dihydroxybenzoate as a central metabolic intermediate, which is further ring-cleaved either by protocatechuate 4,5-dioxygenase (referred as extradiol, meta pathway) or protocatechuate 3,4-dioxygenase (referred as intradiol, ortho pathway) (Fig. 3) . Protocatechuate 4,5-dioxygenase catalyzes the conversion of 3,4-dihydroxybenzoate to 4-carboxy-2-hydroxy-muconic semialdehyde, which is subsequently oxidized to pyruvate and oxaloacetate via 4-oxalocitramalate [26, 27, 35] . Protocatechuate 3,4-dioxygenase ring-cleaves 3,4-dihydroxybenzoate to yield β-carboxy-cis,cis-muconic acid [35, 99] , which is further oxidized to succinyl-CoA and acetyl-CoA via β-ketoadipate [35, 111, 112] .
The metabolic steps and the enzymes responsible for the conversion of phthalate esters to 3,4-dihydroxybenzoate constitutes the 'upper pathway', while the steps responsible for the conversion of 3,4-dihydroxybenzoate to central carbon pathway, are referred as the 'lower pathway'. The metabolic diversity in microorganisms is mostly observed in the lower pathway. In A. keyseri 12B, 3,4-dihydroxybenzoate is metabolized by both, 4,5-extradiol and 3,4-intradiol ring-cleavage [26] . Rhodococcus sp. strain RHA1 has two pathways for the degradation of 3,4-dihydroxybenzoate. Besides ring-cleavage, 3,4-dihydroxybenzoate is decarboxylated to catechol, which subsequently undergoes ortho ringcleavage to cis, cis-muconate by catechol 1,2-dioxygenase [40] . In several bacterial species o-phthalate was shown to be an intermediate in phenanthrene metabolism [79] . Pseudomonas sp. strain PPD also metabolizes phenanthrene via phthalate [23] . Phenanthrene grown PPD cells did not show O 2 uptake on phthalate and 3,4-DHB, while phthalate grown cells showed considerable O 2 uptake on both phthalate and 3,4-DHB. This could be due to induction of permease when cells are grown on phthalate and not on phenanthrene. The cell-free extracts of phthalate grown cells showed enzyme activities of protocatechuate 3, 4-dioxygenase while phenanthrene grown cells showed protocatechuate 4,5-dioxygenase activity (unpublished data), suggesting that Pseudomonas sp. strain PPD has diverse pathway for phthalate metabolism.
Among reported phthalate degraders, very few strains like Pseudomonas testosteroni EN 5a [49] , bacterial strain B and E [104] , Pseudomonas aeruginosa strain PP4 [99] , Pseudomonas strain PPD [99] and Comamonas testosteroni strain E6 [87] , has the ability to degrade all three phthalate isomers as the carbon source. In these strains, metabolic pathways of respective phthalate isomers are initiated by specifi c ring-hydroxylating dioxygenase to yield respective diols which are subsequently metabolized and converged to 3,4-dihydroxybenzoate and further metabolized by either ortho or meta pathway to the central carbon cycle intermediates (Fig. 3) .
Degradation by microbial consortia
Ability of organisms to degrade one or two specifi c phthalate isomer(s) suggest the probable lack of genetic material that code for degradative enzymes of other isomer(s). Hence, bacterial cocktail consisting of organisms specifi c and effi cient for various isomers are preferred for effective bioremediation. For example, mixed culture of Pseudomonas and Bacillus metabolizes terephthalate at high concentrations (8 g/l) from waste waters completely as compared to partial utilization by a single strain [50] . Herada and Koiwa enriched Alcaligenes, Arthrobacter and Corynebacterium strains using three isomers of phthalate as carbon source. As a single isolate, none of them could grow on mixture of three isomers, however as mixed culture they could degrade all isomers effi ciently [35] . Bacterial consortia mineralizes low molecular weight phthalate esters faster than higher molecular weight counterparts [94] . Consortia of Sphingomonas sp. DK4 and Corynebacterium sp. O18 have ability to degrade 8 different phthalate esters, however degradation effi ciency enhanced when both strains were present simultaneously [10] . Pseudomonas fl uorescens, Pseudomonas aureofaciens and Sphingomonas paucimobilis as consortia can hydrolyze dimethyl phthalate to phthalate via monomethyl phthalate, which is further metabolized as the carbon source. As single isolate they failed to utilize it as the carbon source [102] .
Enzymology
Metabolism of phthalate isomers and esters involves the participation of a plethora of proteins that include the transport of phthalates by specifi c permeases; de-esterifi cation by esterases or hydrolases; ring-hydroxylating dioxygenases that hydroxylates the phthalate ring; and subsequently the ring-cleaving dioxygenases to yield aliphatic metabolites. Most of the enzymes of both the upper and lower pathways, involved in the metabolism of phthalate isomers and their esters, are inducible.
Esterase/Hydrolase
The initial step in the metabolism of phthalate esters is hydrolysis of ester bond by esterase/hydrolase to yield monoesters and then phthalate isomer [49, 66, 71, 78, 83, 100] . Esterases/hydrolase are inducible and show broad substrate specifi city [10, 14, 78, 83, 102] , while few are specifi c [103] . The enzyme is either monomeric (molecular weight, 56 kDa) or dimeric (monomer molecular weight, 31 kDa or 27 kDa) [1, 72] . The hydrolase from Gordonia species strain P8219 contained a pentapeptide motif GXSXG, a conserved sequence of serine hydrolase [72] .
Permeases
The permeases are responsible for the transport of phthalate isomers across the membrane specifi cally. They belong to the major facilitator superfamily of transport proteins with 12 hydrophobic membrane-spanning α-helices. Permease from B. cepacia ATCC 17616 and P. putida NMH102-2 showed close similarity with anion:cation symporter family while permease from B. cepacia Pc701 showed similarity with metabolite:H + symporter family [12] . Permeases belong to the catabolic operon and reported to have multiple genes [12, 26, 87, 104] .
Phthalate dioxygenase
The key step in the degradation of the phthalate isomer is the hydroxylation of aromatic ring by ring-hydroxylating dioxygenase. Of the reported dioxygenases, phthalate dioxygenase is a well characterized enzyme. The enzyme has been purifi ed and found to be a multi-component system with mini electron transport chain (Fig. 4) . Phthalate 4,5-dioxygenase (EC No. 1.14.12. [4, 18, 33] . Compared to phthalate, oxygenase component showed 65-70 % activity on 2,3-and 3,4-dicarboxypyridine, and 4-chloro-o-phthalate. The enzyme has K m 0.3 and 0.125 mM for phthalate and oxygen, respectively [3] . Of the two components, the structure of reductase component is resolved at 2 Å [18, 62] . Based on recent biophysical and modeling studies it has been proposed that phthalate 4,5-dioxygensae has two planar rings of α 3 -α 3 arangement one above the other unlike other rieske dioxygenases that has α and β subunits [96] .
Phthalate 3,4-dioxygenase from Gram positive strains possesses large and small oxygenase subunits including ferridoxin and ferridoxin reductase subunits [16, 26, 91] . Exceptionally the enzyme from R. erythropolis sp. S1 is a homo-tetramer with subunit molecular weight of 56 kDa. Enzyme is a fl avoprotein containing FAD and requires 
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NADH for activity. The enzyme might be a dual function enzyme with both oxygenase and reductase activities [92, 93] .
Terephthalate-and isophthalate-dioxygenase
Like o-phthalate dioxygenase, terephthalate 1,2-dioxygenase (EC No. 1.14.12.15) also has both reductase and oxygenase components [88, 90] . The oxygenase component from Delftia tsuruhatensis strain T7 is α 3 β 3 (native molecular weight 235 kDa) with subunits of molecular weight 46 and 17 kDa for α and β, respectively. In Comamonas testosteroni T2, oxygenase component (native molecular weight of 126 kDa) constitutes α and β subunits with molecular masses of 49 and 18 kDa, respectively. The oxygenase component in these strains contained Rieske centre [2Fe-2S] and mononuclear Fe(II) binding sites [88, 90] . Very little is known about isophthalate dioxygenase. The enzyme from P. aeruginosa strain PP4, Pseudomonas strain PPD and Acinetobacter lwoffi i strain ISP4 was found to be inducible, had both oxygenase and reductase components, requires NADH, act specifi cally on isophthalate [99] .
Protocatechaute dioxygenase
This is the key ring-cleaving dioxygenase, breaks the aromaticity and generate aliphatic intermediate which enters the central carbon cycle. Based on the position of ringcleavage the enzyme can be protocatechuate 3,4-dioxygenase (ortho, EC. No. 1.13.11.3) or protocatechuate 4,5-dioxygenase (meta, EC. No. 1.13.11.8). Both these enzymes are well characterized and found to be heterodimers with α and β subunits and requires Fe +2 for their activity [32, 64, 67, 76, 104, 109, 111, 112] . Some of them are reported to be octamers or decamers [5, 25, 105, 108] . In Pseudomonas aeruginosa, protocatechuate 3,4-dioxygenase is a octamer, each subunit of octamer has two α and two β subunits with molecular weight of 22.5 and 25 kD, respectively. Interestingly both the subunits contain proline at the N-terminal region [108] . Crystal structures of both protocatechuate 3,4-and 4,5-dioxygenase has been solved at 2.1 to 2.2 Å [32, 75, 95, 101] . In protocatechuate 4,5-dioxygenase the non-heme iron of the active site is coordinated by His12, His61, Glu242 and a water molecule in a distorted trigonal pyramidal geometry [95] while in protocatechuate 3,4-dioxygenase it is coordinated by Tyr447, His460, Tyr408, His462 of β subunits, and a hydroxide ion in a distorted bipyramidal geometry. The substrate binding pocket is ~5 Å deep and covered by two helices and one β strand. Two helices from the α-subunit forms a lid and prevents the escape of substrate [95] . In protocatechuate 3,4-dioxygenase the substrate has direct access into the active site through a funnel shaped opening. Different amino acids of the funnel make the channel narrow as the substrate gets into the active site. The funnel has a dimensions of 18 Å × 10 Å at the top and 5 Å × 7 Å in the active site cavity [101] .
Genetics of phthalate degradation
Genes involved in the metabolism of phthalate isomers are present either on plasmids, chromosome, insertion elements, or both on plasmid and chromosome [11, 15, 26, 39, 84, 87, 91, 112] . Compared to terephthalate and isophthalate, phthalate degrading genes are well characterized with respect to their organization and regulation. Genes are organized in operon(s). The genes and their organization from various organisms is summarized in Table 2 and Fig. 5 .
In Burkholderia cepacia DBO1, fi ve structural genes coding for degradation of phthalate to protocatechuate are located on chromosome. These genes are arranged in three transcriptional units based on orientation: ophA1, ophDC, and ophA2B. The two genes (ophA1 and ophA2) encoding the oxygenase and reductase components of phthalate dioxygenase, are located at the opposite ends, approximately 7.0 kb apart (Table 2 , Fig. 5 ). Similar genetic arrangement is seen in B. cepacia strain ATCC 17616 [11] . ophD is a putative phthalate transporter [12] . Phthalate dioxygenases can also hydroxylate quinolinate, a substrate mimic of phthalate and an intermediate in the biosynthesis of NAD + . Strain B. cepacia, hence recruited an extra copy of quinolinate phosphoribosyl transferase (ophE) in the phthalate catabolic genes to improve the NAD + biosynthesis which otherwise would have been rate limiting for the growth [13] .
In Mycobacterium vanbaalenii PYR-1 the putative phthalate (pht) operon is located on genome and contain putative regulatory protein gene, phtR, transcribed from the opposite strand and is upstream of the operon [91] . The operon consists of phtAa, phtAb, phtU (an unknown ORF), phtB, phtAc and phtAd and no decarboxylase gene ( Table  2 , Fig. 5 ). The operon gene products share 53-78% identity and 66-88% similarity with their counterparts from Terrabacter sp. DBF63 and A. keyseri 12B, however they differ in the placement and orientation of the regulatory gene.
In Arthrobacter keyseri, 26.3 kbp of the plasmid (pRE1-130 kbp) harbors genes encoding proteins for transport, regulation and degradation of phthalate. The 8.14 kbp fragment of 26.3 kbp has the complete phthalate genes from phthalate till protocatechuate called pht operon. The genes being phtAa, phtAb, phtAc, phtAd, phtB, phtC, phtR [26] . In the Rhodococcus strain DK 17 catabolic genes for phthalate and terephthalate metabolism are arranged in two different operons separated by 6.7 kb fragment. The genes are oriented in opposite direction [16] . The putative phthalate operon contains the genes ophA1, ophA2, orf0, ophB, ophA3, ophA4 and ophC (Table 2 and Fig. 5 ). Operon for terephthalate degradation contains tphA1, tphA2 located approximately 6.7 kb away from the ophA1 gene and are transcribed in opposite directions. A gene encoding a terephthalate dihydrodiol dehydrogenase (tphB) is located immediately after tphA1A2, and the ferredoxin reductase gene (tphA4) follows. Both the operons contain regulatory proteins oriented in opposite directions. The strain contains 3 different plasmids pDK1, pDK2 and pDK3 with sizes of 380, 330 and 750 kb respectively [16] . The phthalate and terephthalate genes are duplicated on both pDK2 and pDK3 plasmids. The dihydroxyphthalate decarboxylase genes of both the plasmids are simultaneously expressed and hence the strain takes advantage due to gene dosage [15] .
In Terrabacter sp. strain DBF63 the 7 pht genes, phtA1, phtA2, phtB, phtA3, phtA4, phtC and phtR are arranged adjacent to the angular dioxygenases gene (Table 2 and Fig. 5 ). The genes are part of insertional sequence ISTesp2, which was also identifi ed in another Terrabacter strain DPO360 [39] .
Comamonas sp. strain E6, grows on all the three isomers of phthalate, two identical clusters of terephthalate degrading genes are found that code for transcriptional regulator, permease, terephthalate dioxygenases, reductase and dehydrogenase. These are converged at 3,4-DHB that undergoes meta cleavage to enter kreb's cycle [87] . The genetic arrangement is seen in Fig. 5 .
The genetic makeup of isophthalate degradation are reported from Comamonas testosteroni YZW-D, which also degrades terephthalate and isophthalate. The genes for the degradation are arranged in two separate operons and are induced specifi cally by the respective phthalate isomer. The genes code for putative isophthalate dioxygenases, reductase, dehydrogenase, a regulator and transporter protein [104] (Table 2 and Fig. 5 ). Unusually the dioxygenases and reductase component are arranged at the extremes of the operon. The isomers converge at 3,4-DHB which undergoes meta cleavage.
The ability of organisms to degrade o-phthalate, terephthalate and their esters is known for past few decades. However, very little information is available regarding degradation of isophthalate and its genetic regulation. Even though the phthalates are well known for their metabolic inhibition and estrogenic activities, microbes are evolving in nature to overcome these effects and successfully metabolize phthalate isomers and esters. The most valuable organism will be the one which has the ability to degrade all phthalate isomers effectively as the carbon and energy source. The understanding of metabolic pathways, enzymes involved and gene regulation of such strain will enable to genetically modify strains for effective bioremediation and environmental clean up.
